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Abstract

In a few lines, the Oldroyd-B, FENE-P, Giesekus and FENE-CR models are shown as satisfying the second
principle of thermodynamics. In addition, entropy estimates (a priori bounds) are easily obtained, together
with explicit expressions for the dissipation. For the Giesekus and FENE-CR models, these estimates are new,
while for the Oldroyd-B and FENE-P, there were already established. In all cases, they are obtained here in a
clear an concise manner, instead of long derivations. This approach could also be applied to the development
of new constitutive equations, and some preliminary explorations are provided. The conformation tensor is
identified in a purely kinematic context, in terms of the Cauchy-Green tensor. Consequently, the formulation
in terms of the logarithm of conformation tensor is reinterpreted in terms of Hencky strain and its logarithmic
corotational derivative. While useful for numerical computations, this also leads to much more concise and
understandable formulations, but above all, it opens up new avenues for theoretical developments. This
paper presents new developments of a work initiated by the author in a recent book (Springer, 2024), which
is also reviewed here in a concise manner. We briefly recall how the standard generalized materials framework
extends to large-strains kinematics in Eulerian frame.

Keywords: entropy estimate, second principle of thermodynamics, Hencky strain, logarithmic corotational
derivative, viscoelastic fluids, standard generalized materials,

1. Introduction What is thermodynamics ?

Observe on Fig. 1 the bouncing ball. As the ball

falls freely under the influence of gravity, it acceler-

ates downward, its initial gravity potential energy

converting into kinetic energy. On impact with a

hard surface the ball deforms, converting the ki-

netic energy into elastic potential energy. As the

ball springs back, the elastic energy converts back

. firstly to kinetic energy and then as the ball re-

gains height into gravity potential energy. Due to

€ inelastic-strains and air resistance, each successive

r bounce is lower than the last: the ball loses some
of its energy.

Where did that energy go 7
Figure 1: A bouncing ball captured with a strobo-
scopic flash at 25 images per second. Michael Maggs, 2007 The answers is given by thermodynamicsz it is dis-

(adapted ; license: CC-BY-SA-3.0). sipated, for instance it is transformed into heat and
sound. This energy is irreversibly lost for the ball,
which will cease to move in a finite amount of time.

*Corresponding author So,.thermodynamics has a physical meaning: it ex-
Email address: Pierre.SaramitoQimag.fr (Pierre plains complex phenomena in an elegant and com-
Saramito) prehensive manner.
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Problematic. All along this paper, potential and
elastic energies are grouped into the free energy
concept, denoted by 1, while the dissipation is de-
noted as 2. Dissipation is always non-negative
i.e. 2 = 0: this expresses the irreversibility of en-
ergy loss. This inequality is a consequence of the
second principle of thermodynamics. Mathe-
matical models are described by two groups of equa-
tions: equations of conservation and constitutive
equations. While equations of conservation are
universals for all materials, constitutive equations
are specific to some materials.

We might imagine that the variety of constitutive
equations are limited only by the imagination of
model designers, but this is not the case. During
the development of new constitutive equations, sat-
isfying 2 > 0 appears as a constraint that strongly
restricts the possibilities. Moreover, this constraint
remains difficult to check in general, even for very
common constitutive equations. The temptation to
bypass this check during the development of new
models is real and could have disastrous conse-
quences, e.g. the unexpected divergence of simu-
lation codes due to ill-posed problems. Imagine a
mathematical model or a code predicting the ball
in Fig. 1 bouncing higher and higher... So, satis-
fying the thermodynamic constraint 2 > 0 is both
difficult but of major importance for model devel-
opment: it is necessary to avoid unphysical model
predictions.

Context. In the past, several thermodynamic en-
vironments have been proposed to assist model de-
signers: let’s review them. The situation between
solid and fluid mechanics is very contrasted.

e Solid mechanics. Thermodynamics of irre-
versible processes started in 1940 with Eckart [19]
who studied viscous materials with heat con-
duction, see also de Groot and Mazur [16] or
Silhavy [66] for more historical references. The
concept of dissipation potential was next intro-
duced independently at least in 1968 by Ziegler [73],
in 1972 by Verhas [71], in 1973 by Edelen [20], and
in 1974 by Moreau [48]. The dissipation potential,
denoted by ¢, is such that

P =& NVo(a) =0 (1)

where « denotes the set of thermodynamic
states and ¢, the corresponding rates.  The
dissipation potential extends to the nonlin-
ear case the Omsager [51] linear reciprocal
relations, which corresponds the quadratic

choice ¢(&) = &' M&/2, and where M is the
Onsager symmetric non-negative matrix. In 1975,
Halphen and Nguyen [31] proposed the environ-
ment of generalized standard materials, that is
based on this possibly non-smooth dissipation
potential ¢. This clear and efficient environ-
ment is still widely used in solid mechanics, see
e.g. Maugin [47] for applications. Extensions from
small to large-strains have been then considered in a
Lagrangian frame, see e.g. Sidoroff and Dogui [65].
Nevertheless, such extensions focused on some
specific applications, e.g. elastoplasticity, and
there are no general environment available yet.
Moreover, if the Lagrangian frame is applicable
in solid mechanics, where strains are bounded, it
has severe limitations in fluid mechanics, where
strains are generally unbounded. A long time
process would develop huge strains and stationary
solutions are not reachable in this way. In that
case, an Eulerian frame is preferred.

e Fluid mechanics. For complex fluids and
soft solids in large-strains, possibly unbounded,
different approaches were developed. In 1964,
Kluitenberg [40] extended the Kelvin-Voigt vis-
coelastic solid model to incorporate large-strains
and proposed for the first time large-strains kine-
matics in both Lagrangian and Eulerian frames.
Next, in 1976, Leonov [42] extended this work
to viscoelastic fluids in large-strains with an Eu-
lerian frame. In 1984, Grmela [27] proposed
the Poisson bracket as an abstract thermody-
namic formalism for model development. In 1988,
Ait-Kadi et al. [1, eqn (19)] (see also Grmela [28])
proposed for the first time the correct expressions
for the free energy v of both the Oldroyd-B and
FENE-P models. Nevertheless, these authors neither
addressed the second principle nor computed the
dissipation 2. In 1990, Beris and Edwards [5] (see
also [6]) proposed new developments of the Pois-
son bracket formalism and analyzed most common
viscoelastic fluid models: for each model, the sec-
ond principle of thermodynamics was for the fist
time successfully checked via the non-negativity of
the Onsager matrix (see their eqn (4.1), p. 525).
Next, in 1992, Leonov [43] systematically studied
most common viscoelastic fluid models and pro-
posed some expressions for both the free energy
and the dissipation 2. But surprisingly, while
his computations were correct throughout his ar-
ticle, its final results are incorrect for both the
Oldroyd-B and FENE-P models and for the two ex-



pressions of ¢ and %, see his eqns (52) and (55).
Thus, unfortunately, despite his solid and impor-
tant theoretical work, this author was not able
to conclude that these models satisfy the second
principle. Note that these incorrect expressions
of 2 were then reused later without verification,
see e.g. Pasquali and Scriven [53, p. 125, table 2].
In 1997, Grmela and Ottinger [29] extended the
Poisson bracket formalism as the GENERIC one
(see also [52]). In 1999, with the help of this
formalism, Dressler et al. [18] studied some non-
isothermal viscoelastic fluids models and checked
the second principle of thermodynamics via the
non-negativity of the Onsager matrix. In 2008,
Hiitter and Tervoort [36], also using the GENERIC
formalism, studied both anisotropic and non-
isothermal viscoelasticity. See Beris [4] for a recent
review of these formalisms.

Entropy estimate. Variational methods for prov-
ing the existence of a coupled system of partial dif-
ferential equations emerged in 1934 with the pi-
oneering work of Leray [44] on the Navier-Stokes
equations (see also Temam [70, p. 189]). The first
step is to prove some a priori bounds verified by
any possible solution. Thanks to these bounds,
the second step is to show that the limit of a
bounded sequence of finite-dimensional approxi-
mations of this solution converges, thus proving
the existence of the solution as this limit. Let
us briefly review the mathematical work devel-
oped to prove the existence of solutions of com-
plex fluid flow problems. The Oldroyd-B model [49]
was proposed in 1950. In 1985, Renardy [57]
proved the existence of stationary solutions. Then,
in 1990, Guillopé and Saut [30] proved the exis-
tence of time-dependent solutions until a given
time, that depends upon data (local-in-time). Only
for enought small data, a solution is proved to
exist at any time (global-in-time). This is a
very restrictive assumption and then, many au-
thors tried to improve this result: the challenge
is to improve thea priori bounds. In 2000,
Lions and Masmoudi [45] showed a global-in-time
existence result, but for the corotational derivative,
not the upper-convected one used by the Oldroyd-B
model. In 2007, Hu and Leliévre [34, p. 914] es-
tablished an entropy estimate that provides new
a priori bounds for both the Oldroyd-B and the
FENE-P models. Based on this publication, new ef-
ficient existence results appeared soon. In 2011,
using this entropy estimate, Masmoudi [46], ob-

tained for the first time a global-in-time existence
result for the FENE-P model. But not for the
Oldroyd-B one. In 2012, Constantin and Kliegl [15]
obtained a global-in-time for the Oldroyd-B model,
but with an additional stress-diffusion term in the
differential constitutive equation. In 2024, similarly
to Hu and Leliévre [34], for a special case of the
Giesekus model, Buli¢ek et al. [10] established an
entropy estimate and proved a global-in-time exis-
tence result. See Renardy and Thomases [58] for a
recent review on existence results for the Oldroyd-B
and related models.

It should be pointed out that the entropy estimate
published by Hu and Leliévre [34, p. 914] for both
the Oldroyd-B and FENE-P models played a crucial
role in the progress of existence results. Indeed,
all the previous works on existence of solutions did
not use the correct definition of the free energy for
the Oldroyd-B model: these previous existence re-
sults were correct, but with too strong assumptions
(e.g. small data) and thus, obtained weaker exis-
tence results. According to the addendum p. 915
in Hu and Leliévre [34], it appears that these au-
thors obtained independently the correct expres-
sions of both the free energy 1 and the dissipa-
tion &, without the aid of any previous thermo-
dynamic publications from the complex fluid com-
munity. Thus, these authors have accomplished a
difficult task, and the work is impressive.

Summary. Finally, while in solid mechanics,
model design is widely based on thermodynamics,
this approach is rarely adopted in fluid mechanics.
Indeed, the formalism used in solid mechanics is
clear but often limited, whereas in fluid mechanics,
the opposite is true. The objective of this article
is to fill this gap. In mathematics, the community
would be also well advised to familiarize itself with
thermodynamics, since the experience has shown
that entropy estimates lead to very efficient a pri-
ori bounds that are required to prove the existence
of solutions. The difficulty could be found by ex-
amining the application of the proposed thermody-
namic formalisms for these complex fluids: while
the formalisms are quite general and powerful, the
computations are far from easy. Moreover, the for-
malism itself could distract both model designers
and mathematicians.

Goal. Our goal is to disseminate thermodynam-
ics in fluid mechanics: the proposed environment,
called YATE, allows the clear and easy development
of new constitutive equations that automatically



satisfy 2 > 0. Instead of writing directly consti-
tutive relations, model designers are encouraged to
first specify the free energy v and the dissipation
potential ¢. Then constitutive equations are au-
tomatically obtained by simple derivation of these
quantities. In addition, both an explicit expression
of 2 and an entropy estimate (a priori bounds)
are also directly obtained. In order to gauge the
progress represented by the YATE environment, let
us remember that it took 40 years to prove that the
Oldroyd-B model verified the second principle, and
a further 21 years to obtain the entropy estimate.

Outline of the paper. Section 2 introduces some
notations and provides global energy and entropy
estimates. Next, section 3 presents an overview
of standard generalized materials (SGM) in small-
strains with some examples in solid and fluid me-
chanics, pointing out its advantages and limita-
tions. Then, section 4 starts by extending standard
generalized materials to large-strains in an Eule-
rian frame (YATE). To this end, we provide here a
concise review of a recent book [63] by the author,
in which Eulerian kinematics was reexamined and
clarified. Next, we turn to examples and show in
a clear and concise way that both the Oldroyd-B,
FENE-P, Giesekus and FENE-CR models satisfy the
second principle of thermodynamics and provide
the corresponding entropy estimate. While these
estimates was already known for the Oldroyd-B and
FENE-P models, there are new for those of Giesekus
and FENE-CR. In all cases, they are obtained here
in just a few lines, instead of long derivations as
was previously the case. Finally, section 5 presents
a general discussion and a preliminary exploration
for applying this approach during the development
of new models. This paper contains two appen-
dices. Appendix Appendix A develops the proof
the estimates (theorem 1 and corollary 2) while ap-
pendix Appendix B furnishes the correspondence
between the Poisson bracket formalism and present
notations, together with the practical method to
obtain an explicit computation of the dissipation ¥
from [5, 6].

2. Notation and global estimates

2.1. Notations

The notations used all along this paper are summa-
rized in Table 1. The mass, momentum, and energy
conservations, together with the second principle of

’ \ description

9 dissipation

¢ dissipation potential

P free energy

v velocity

Vv | = (0v;/0x;), ,, velocity gradient

o Cauchy stress

B left Cauchy-Green tensor

B, | reversible left Cauchy-Green tensor
alias: conformation tensor

h = (1/2)log B : left Hencky strain

he | = (1/2)log B,
reversible left Hencky strain
alias: logarithm of conformation tensor

h, =h—h,

D | = (Vv + VoT)/2 : stretching
alias: strain rate

D, | reversible stretching

D, |=D-D.

v

a upper-convected derivative

(Oz(log) logarithmic corotational derivative

Table 1: Notations.

thermodynamics, write as:

p+pdive=20 (2a)
pt —dive = f (2b)
pé+divg=r+o:D (2¢)
oo (9N T _ 9

ps + div (5)—5— 7 =0 (2d)

Here, p is the mass density, v, the velocity and o,
the symmetric Cauchy stress tensor. As usual, the
dot on the top of a quantity denotes its Lagrangian
derivative, e.g. p = dp + (v.V)p, also called con-
vective or material derivative. Also, f denotes the
external forces, e.g. the gravity forces. Next, e is
the internal energy, s, the entropy, 6 > 0, the tem-
perature and g, the heat flux, while r is the heat
sources. The dissipation 2 is defined from (2d). By
definition, the internal energy e and free energy 1
are functions: e is convex versus s and v is con-
cave versus 6, while both functions optionally de-
pend upon others thermodynamic state variables,
usually the strain and some others internal state
variables. We also assume that both e and 1 are
bounded from below versus all these others optional
state variables, and, without loss of generality, we



could assume e > 0 and ¢ > 0. They are linked to-
gether via a Legendre transform with the optimality
relations:

e(s) =(0) +s6, s = —%(0) and 0 = %(s) (2e)
So, in order to describe a specific material, only
one of these two functions, either e or 1, should
be specified. Assume for instance that our ma-
terial is specified via 1(f). Then s = —0dst)(0)
and e = () + s 0 are deduced as expressions of 6.
Conversely, our material could be specified equiva-
lently via e(s).

Summary. Assume that ¢(0) and the right-
hand-sides f and r are known, it remains five un-
knowns (p,v,0,0,q) for only three conservation
equations (2a)-(2c) and the constraint (2d). The
usual approach in order to close the system of
equations is to provide some additional constitu-
tive equations for o, and g versus (p,v,0). For
an isothermal process, assuming that the free en-
ergy 1 is known versus optional thermodynamic
states, it remains three unknowns (p, v, o) for only
two conservation equations (2a)-(2b) and the con-
straint (2d). We have to provide additional consti-
tutive equations for o versus (p,v). For instance,
the Newtonian model o = 219D with ¥ = 0 closes
the system of equations, where 19 > 0 is the viscos-
ity and D = (Vv + Vv)/2 denotes the stretching,
also called strain rate. In that case, the dissipation
writes simply 2 = o:D = 21n0|D|? > 0.

2.2. Global estimates

Let us consider a thermodynamic system described
by (2a)-(2e).

Definition 1 (isolated system).
Let Q c RY be the flow domain, where N >1 is
the physical space dimension, e.g. N = 3.

A system is said isolated when

1. the right-hand-sides f and r in (2b)-(2¢) are
Zero.

2. and either 02 = & (e.g. periodic boundary
conditions, or € =RY the whole universe)
or the two boundary fluxes on and g.n are
zero, where n denotes the unit outward nor-
mal on 0f).

Theorem 1 (global estimates).
Assume that the system is isolated. Then, the
global energy, i.e. the global sum of the kinetic

and internal energies, is conserved, while its global
entropy is growing:

d [v]®

a o (2 + 6) = (3&)

d 9

— =| == b

dt JQ Pe JQ 0 0 (30)
Proof: See appendix Appendix A. |

Corollary 2 (isothermal global entropy estimate).

Assume that the system is isolated and
isotherm (6 is constant). Then the following
estimate holds:

() o o

Proof: See appendix Appendix A. |

Note that, in (4), the time derivative applies to
the global sum of the kinetic and free energies.
Since Z = 0, then this global sum is decreasing and
uniformly bounded from above by its initial value:

Lo =)+ =L (5 e0),.

Since v > 0, this estimate proves that both the
global kinetic energy {, p|v|?/2, the global free en-
ergy SQ pY and also the cumulated global dissi-

pation S(t) §o 2 remain uniformly bounded, at any
time ¢. Finally, this entropy estimate yields some a
priori bounds on v and on the thermodynamic state
variables involved in the expressions of ¥ and 2.
These bounds constitute the starting point for prov-
ing of existence of solutions of the system of partial
differential equations.

3. Standard generalized materials

This section starts by defining standard gen-
eralized materials, as introduced in 1975 by
Halphen and Nguyen [31] with the small-strains as-
sumption. For simplicity, we focuses on isothermal
processes, i.e. # is constant. Next, we turn to exam-
ples, pointing out the clarity and efficiency of this
environment. A discussion on its limitations closes
this section.



3.1. Definition

A standard generalized material (SGM) is com-
pletely defined by two functions: the free energy 1
and the dissipation potential ¢. The free energy
is assumed to depend upon the set of m thermo-
dynamic states denoted by a = (a1, ag,...,amy),
m >1 and the dependency of the function 1
upon the states variables a is denoted as ().
By convention «; =€ is the linearised strain
tensor.  When m > 2, then (oy)a<i<m repre-
sents m — 1 thermodynamic internal state vari-
ables. Let & = (du, &o,...,4y,) be the set
of Lagrangian derivatives of the thermodynamic
states, called the thermodynamic rates of states.
Then &1 =¢é=D = (Vv + VoT)/2 is the strain
rate tensor. The dissipation potential ¢ is assumed
to depend upon the rates of states ¢, and the de-
pendency of the function ¢ upon the rates vari-
ables & is denoted as ¢(&). Optionally, ¢ could
also depend upon the states a as parameters, and
in that case, it will be denoted as ¢([a]; &).

Then, the constitutive equations of the material are
given by

o= Pl L@ (=1 Gw)
o ¢

0=p 2<i<m  (5b)

This definition extends to the case where the dis-
sipation potential ¢ is not differentiable, e.g. for
materials involving plasticity, friction or damage.
When ¢ is convex, d¢/0¢; denotes the subdiffer-
ential of ¢ with respect to &;, see e.g. [61, p. 94].
Otherwise, when ¢ is neither differentiable nor con-
vex, assuming only Lipschitzian regularity, then, it
admits a Clarke [13, p. 10] derivative and the no-
tation d¢/0d; interprets as the convex hull of all
directional derivatives. In these cases, the previous
constitutive equations are simply adjusted by re-
placing the equal "=" symbol by the belongs to "e"
one.

A major difficulty for constitutive equations is to
check that the second principle of thermodynamics
is satisfied. A definitive advantage of the general-
ized standard materials is the possibility to have
a sufficient condition on the dissipation of energy
for the second principle to be satisfied, and that
this condition is easy to check. The following result
presents this property.

Theorem 2 (second principles, small-strains).
Assume that the dissipation potential ¢ is non-
negative (¢ > 0), convex at & =0 and vanish in
zero, i.e. ¢(&=0) = 0. Then the material described
by the two functions ¢ and ¢ satisfies the sec-
ond principle of thermodynamics and the dissipa-
tion 2 > 0 is given by (1).

Proof: see [61, p. 223]. |

Note that the convexity of ¢ is required only
at & = 0. Of course, when ¢ is convex everywhere,
which is the case for most applications, e.g. when ¢
is quadratic positive, this condition is trivially sat-
isfied. Let us turn to observe this environment in
action by reviewing some classical models.

3.2. Examples
8.2.1. Hookean elastic solid

Let m = 1 and o« = €. The Hookean elastic solid is
described by

G Ay
v(e) = e+ (ire)
6(8) =0

and is represented on Fig. 2.top-left. Here, pg > 0
denotes the mass density of the material when in
the rest state i.e. when € = 0. The free energy
collects the spring element associated to the shear
and bulk elastic moduli G > 0 and A > —G, and
since there is no dissipative element on the dia-
gram, the dissipation potential ¢ is zero. The zero
dissipation potential ¢ satisfies the assumptions
of theorem 2 and then this material satisfies the
second principle of thermodynamics with 2 = 0.
Since & = D, then, from the mass conserva-
tion (2a), we have p/p = —dive = —tr D = —tré.
Next, by integration, we get log(p/pg) = —tre
i.e. p = poexp(—tre). The constitutive equation is
obtained from (5a):

oY oo .
= PE(E) + 5(5)

= exp(—tre) (2Ge + A(tre)I)
2Ge + A(tre)I + O (|e]?)

which describes as expected a Hookean elastic ma-
terial with the small-strains assumption and (G, \)
are the two Lamé coefficients. The system of equa-
tions is closed by coupling with equations of con-
servation (2a)-(2b).
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Rheological diagram in small-strains: (top-left) elastic solid ; (top-center) viscous fluid ; (top-right) viscoplastic

fluid ; (bottom-left) viscoelastic fluid ; (bottom-center) elastoviscoplastic fluid.

3.2.2. Newtonian fluid

Let m = 1 and a = . The Newtonian incompress-
ible fluid is described by

P(e) =0
¢(é) = jker(tr) (é) + 770|é|2

and is represented on Fig. 2.top-center. The dissi-
pation potential ¢ collects the dashpot element as-
sociated to the viscosity 1y and the incompressibil-
ity constraint denoted by Fier(r)(€). Since there
is nothing else on the diagram, the free energy 1 is
zero. The indicator Fer () (€) is zero when tré = 0
and infinity otherwise. Since & = D, it means that
the incompressibility dive = tr D = 0 is imposed.
Note that the indicator of a convex set is a convex
function, so Hyer(4r) is convex and thus the dissipa-
tion potential ¢ satisfies the assumptions of theo-
rem 2. Then, this material satisfies the second prin-
ciple of thermodynamics. The constitutive equation
is obtained from (5a):

0 09, . .
o= p%(E) + (‘)7(:(6) = afker(tr) (5) + 210€

Using [62, prop. 17, p. 13] for computing the sub-
differential of the indicator function, we get the
Cauchy stress o = —pI + 2nyD. Since tr D = 0,
remark that the Lagrange multiplier p, associated
with the incompressibility constraint, coincides
with the physical pressure —tro /N, where N > 1
is the physical space dimension, e.g. N = 3. The
dissipation writes 2 = 2n9|D|?> > 0. Finally, the
usual incompressible Navier-Stokes equations are
obtained by coupling this constitutive equation
with equations of conservation (2a)-(2b).

3.2.8. Bingham viscoplastic fluid

Let m = 1 and & = £. The Bingham incompressible
viscous fluid is described by

{w(s) =0

(b(é) = ]ker(tr)(é) + 770|é|2 + <Ty|é|

and is represented on Fig. 2.top-right. The dissipa-
tion potential ¢ collects the dashpot element asso-
ciated to the viscosity 7y together with the break
element associated to the yield stress o, and the



incompressibility constraint term F,(tr)(€). Since
there is nothing else on the diagram, the free en-
ergy 1 is zero. The dissipation potential ¢ satis-
fies the assumptions of theorem 2 and then, this
material satisfies the second principle of thermody-
namics. Note that the last term of the dissipation
potential ¢, factored by yield stress o, is not dif-
ferentiable when &€ = 0 and thus, the constitutive
equation (5a) involves a subdifferential:

. é .
U=—pI+2n0€+oyE when € # 0

Q
Il

—pI + 7 and |7| <oy, whené& =0

The previous development uses 0|&| = {7 ; |7| < 1}
when £€=0, see eg. [61,p.96]. Fi-
nally, wusing &= D, we get the dissipa-
tion 2 =2n|D|>+0,/D| >0 and the usual
Bingham fluid equations are obtained by cou-
pling this constitutive equation with equations of
conservation (2a)-(2b).

3.2.4. Oldroyd-B viscoelastic fluid

As shown on Fig. 2.bottom-left, the total strain
splits as € = €. + €,. This split is very common,
and the very conventional subscripts "e" and "p"
stand for "elastic" and "plastic" and originate from
elastoplasticity. Of the three measures €, €. and €,
of the strain, only two are independent and (e, &)
is chosen as the set of independent thermody-
namic state variables, but another choice would
have been possible. Let m = 2 and a = (e, &.).
The Oldroyd-B viscoelastic fluid is described by

G,
€,6.) = —lee
P(e,ec) p0| |
¢(é,ée) = jker(tr) (é) + 770|é|2 + 77|é - E.:e|2

The free energy 1 collects the spring element as-
sociated the elastic modulus G acting with the
strain &.. Note that the bulk modulus A\ of
the Hookean material is taken as zero (see exam-
ple 3.2.1). Conversely, the dissipation potential ¢
collects the dashpot element associated to the vis-
cosity 7o acting with the total strain rate & to-
gether with the dashpot n acting with the strain
rate €, = € —&.. Note that the incompressibility
constraint term Fy,(¢r)(€) applies only to the total
strain rate €, i.e. tr& = 0 whereas tr &, remains a
priori nonzero. From the mass conservation (2a),

we get that p = pg is constant. The dissipation po-
tential ¢ satisfies the assumptions of theorem 2 and
then, this material satisfies the second principle of
thermodynamics. The two constitutive equations
are obtained from (5a)-(5b):

oy a
=P T e
w09

0= 13 T 2.
o = —pl + 2npé + 2n(é — €&.)
0 = 2Ge, o — &)

Let 0. = 2Ge, be the elastic stress. Combining the
two previous equations, we get

o =—pl +2npé + o,
O Oc .

— +— =2

G

Note the Lagrange derivative & in the second equa-
tion: it expresses the relaxation of the elastic ten-
sor under the small-strains assumption. In order to
obtain the usual Oldroyd-B relaxation equation, we
have to replace &, by the upper-convected deriva-
tive g'e, commonly used in the large-strains assump-
tion. Nevertheless, by doing this, we lose here the
warranty from theorem 2: we are not yet able to
conclude that the modified model, involving the
upper-convected derivative, satisfy the second prin-
ciple. This crucial question will be addressed in
the forthcoming section 4. Finally, using &€ = D,
the usual Oldroyd-B fluid equations are obtained
by coupling these constitutive equations with equa-
tions of conservation (2a)-(2b).

3.2.5. Elastoviscoplastic fluid

Let m = 2 and a = (g,e.). The elastoviscoplas-
tic fluid is represented on Fig. 2.bottom-center and
its structure is similar to those of the Oldroyd-B
fluid (Fig. 2.bottom-left): a break element oy, act-
ing with the strain rate €, is inserted. The elasto-
viscoplastic fluid is described by

G 2
€,€.) = —|€.
V(e ec) p0||

¢(é7 ée) = jker(tr) (é) + 770|é‘2 + @(é - ée)
where ® is defined for all &p

by ©(&p) = nlép|* + aylEpl. The dissipation
potential ¢ satisfies the assumptions of theorem 2



and then, this material satisfies the second prin-
ciple of thermodynamics. The two constitutive
equations are obtained from (5a)-(5b):

oy 09
7= p(?s +0€
09
0= 1o, * a2,
o = —pl + 2npé + 0p(€ — &)
- { 0 = 2Ge, — 0p(& — &)

Let 0. = 2Ge, be the elastic stress. By combining
these two equations, we get [59, p. 5]:

o = —pl + 2n9é + o,

. d B
Te + max 7| evoe| — oy o, = 2&
G n|dev o]

where devT = 7 — tr 7/N denotes the deviatoric
part of any tensor 7, where N > 1 is the physical
space dimension, e.g. N = 3. As for the previous
Oldroyd-B fluid, note the Lagrange derivative &.:
the small-strains assumption do not furnish the ex-
pected upper-convected derivative g'e, specific of
large-strains. Finally, using &€ = D, the elastovis-
coplastic fluid equations are obtained by coupling
these constitutive equations with equations of con-
servation (2a)-(2b).

8.83. Discussion

Standard generalized materials provide a clear and
easy-to-use environment. Indeed, starting from a
rheologic diagram, as on Fig. 2, we are able to spec-
ify both the free energy 1 and the dissipation po-
tential ¢. Then, constitutive equations are auto-
matically obtained from (5a)-(5b) by simple differ-
entiations. The second principle is easy to check:
the convexity of ¢ is sufficient. The dissipation po-
tential ¢ could be non-smooth, as for the Bingham
fluid model: so this environment supports applica-
tions in plasticity, damage and friction, see e.g. [62].

The main drawback of this environment is its small-
strains context: for an Oldroyd-B fluid (see para-
graph 3.2.4), the differential constitutive equation
is obtained with Lagrange derivative &, of the elas-
tic stress. It should be replaced "by hand" by an
upper-convected one g'e. By doing this, we lose
here the warranty from theorem 2 that the model
satisfies the second principle.

Paragraph 3.2.4 introduced the Oldroyd-B fluid
model with a quadratic Hookean free energy

in terms of the small-strains tensor € while the
free energy is known since the pioneer’s work of
Grmela [28, eqn (4)] to be related to a nonlinear
and non-quadratic neo-Hookean energy, similar to
those used in rubbers theory, see Blatz [9]. It re-
quires a large-strains kinematics. Moreover, more
nonlinear models, such as the common FENE-P [§]
one, could not be described by this small-strains
formalism: it also requires a large-strains kinemat-
ics.

All theses limitations and open questions will be
will be addressed in the next section.

4. Eulerian large-strains extension

This section starts by reviewing the large-strains
kinematics in Eulerian frame. Then comes YATE,
the extension of the standard generalized material
to large-strains in an Eulerian frame. Next, ex-
amples involving nonlinear elasticity are presented
with details: the neo-Hookean elastic solid followed
by the Oldroyd-B, FENE-P, Giesekus and FENE-CR
viscoelastic fluids. These examples present both
new concise proofs of known results and new re-
sults.

4.1. Kinematics

Definition 3 (transformation).
Let Q9 < RN be an open subset called the reference
configuration, where N > 1 is the physical space di-
mension, e.g. N = 3.
The trajectory issued at t =0 from a material
point X € € is denoted by (x(t, X)),>, and satis-
fies:

ox

X1, X) = wlt, x(, X)), Vi =0 (6a)

x(0,X) =X (6b)

The first relation (6a) states that the velocity is
always tangent to the trajectory while the sec-
ond one (6b) states that the trajectory passes at
time ¢ = 0 in X, as shown on Fig. 3.top. The exis-
tence and unicity of the trajectory x as the solution
of (6a)-(6b) is guaranteed by the Cauchy-Lipschitz
theorem, assuming that the velocity field v is suffi-
ciently regular.

Observe now Fig. 3.center. For a fixed time ¢ > 0,
the application X € Qp — x(¢t, X) € Q(¢) is in-
terpreted as the transformation from the refer-
ence configuration ¢ to the current configura-
tion Q(t) = x(t,Q0) at time ¢.



t=0
x(0,X) =X
t>0
z = x(t, X) v(t, x(t, X))
Qo Q(t)
x(t,.)
/\
reference current
configuration configuration
0 Q(t)
x(t.)

Xp e
irreversible reversible
intermediate
configuration
Figure 3: (top) Trajectory x(.,X) from initial posi-

tion X to the current one & = x(t, X) ; (center) Transfor-
mation x(t,.) from the reference configuration to the current
one ; (bottom) Decomposition x = Xe © Xp via the interme-
diate configuration.

The  strain  gradient tensor is  defined
by F=Vx=(9xi/0Xj),<; n- Note that
some authors adopt an alternative convention
for the definition of the gradient of vector-valued
functions, as (an/aXi)lgi,jN i.e. its transpose, so
be sure to double-check it before mixing formulas
from different textbooks.

Definition 4 (Cauchy-Green tensor).

The left Cauchy-Green tensor is B = F FT. Note
that, by construction, B is symmetric positive
definite, since the gradient of the transforma-
tion is invertible. The right Cauchy-Green ten-
sor C = FT F could also be defined: it is widely
used when the strain is uniformly bounded in time,
e.g. in solid mechanics, and leads to solve problems
in the Lagrangian frame. Here, we focus on the case
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when the strain is possibly unbounded, e.g. in fluid
mechanics, and the Eulerian frame is preferred, to-
gether with the left Cauchy-Green tensor B.

Definition 5 (strain measures).

There are several ways to develop a strain
measure from the left Cauchy-Green tensor B.
The most common are the left Green-Lagrange
strain e = (B —1I)/2 and the left Hencky [32]
strain h = (1/2)log B. There are many reasons to
prefer the left Hencky strain to the Green-Lagrange
one, see the discussion in paragraph 5.2 below.

Definition 6 (decomposition).

It is convenient to decompose the transformation x
in several steps when building mathematical mod-
els for complex materials. A two-step decomposi-
tion is written as x = X0 Xp and is represented
on Fig. 3.bottom. The very conventional sub-
scripts "e" and "p" stand for "elastic" and "plastic"
and originate from elastoplasticity. In the present
context, this refers more generally to reversible and
irreversible thermodynamic processes, respectively.
Transformation X, is associated with a process in
which a part of the energy is irreversibly lost as
heat, while the opposite is true for x.. Note that
even for X, the previous configuration can also be
recovered at the cost of additional energy. Thus,
the terms reversible/irreversible refer to energy as-
pects, while the associated configuration is always
possibly reversible. By taking the spatial gradient
of the previous transformation decomposition, we
obtain the multiplicative decomposition of the gra-
dients F' = F,F, where F, = Vx, and F, = V.
We are able to define the reversible left Cauchy-
Green tensor B, = F. FI and the reversible left
Hencky strain h, = (1/2)log B.. Note that B,
is symmetric positive definite by construction and
thus, h. is well-defined. Its complement, called the
irreversible part hy, is such that the following ad-
ditive decomposition

h=h,+h, (7a)

is satisfied. Conversely, the strain rate splits as:

D=D.+ D, (7b)
The following logarithmic corotational
derivative was introduced independently
in 1991 by Lehmann et al. [41], in 1996 by
Reinhardt and Dubey [55, 56] and in 1997 by

Xiao et al. [72, p. 92].



Definition 7 (logarithmic corotational derivative).

The logarithmic corotational derivative is defined
for all symmetric tensor a by:

o (lo
a( e = a— VVlog(a, V’U)a + au/log(a'a V'l))

and its associated spin Wy, operator, called the
logarithmic spin, is expressed for all L € RV*N by:

Wiog(a, L)
= skw(L)

- Z Rlog ()\i,a_)\j,a) Pi7asym<L)Pj7a

ij=1

where, for all £ € R:

1 1
—— when £ #0
Fog(€) = 4 RE €

0 otherwise
with sym(L) = (L + L)/2, skw(L) = (L — L)/2,
and where \;q and P, 4, 1<1i<mg, denote

the mg distinct eigenvalues and eigenprojectors
of a, respectively, see e.g. Itskov [38, p. 108].

Proposition 3 (kinematics).

v

B =0 (8a)
B.=-D,B. - B.D, (8b)

o (lOQ)
=D (8¢)

o (109)
. = D. when h, and D, commute  (8d)
Proof: See [63] pp. 41, 82, 71 and 85, resp. [ |

4.2. Yet another thermodynamic environment

The YATE environment is simply the large-strains
extension in Eulerian frame of the standard gener-
alized material (sGM). For clarity, major changes
are marked in bold. For simplicity, we focuses here
on isothermal processes, i.e. 6 is constant, see [63]
for its coupling with thermal effects.

A YATE material is completely defined by two func-
tions: the free energy 1 and the dissipation po-
tential ¢. The free energy v is assumed to de-
pend upon the set of m thermodynamic states de-
noted by o = (a1, @a,...,ap,), m =1 and the de-
pendency of the function ¥ upon the states vari-
ables « is denoted as ¢ (a). By convention oy = h
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is the left Hencky strain tensor. When m > 2,
(v;)2<i<m represents m — 1 thermodynamic inter-
nal state variables. We assume that 1 is ob-
jective isotropic separately with respect to all its
vector and second-order symmetric tensor argu-
ments «;, 1<i<m. Let §= (01, d2,...,0m)
be the set of rates of states. From (8c¢), we

o (log)
have 6, = h = D which is the strain rate

tensor. For all i > 2, when «; is a scalar field,
then &; = ¢&;, and otherwise, e.g. when «; is a vec-
tor or tensor field, then §; is a corotational ob-
jective derivatives of the state «;. The dissipation
potential ¢ is assumed to depend upon the rates
of states d, and the dependency of the function ¢
upon the rates variables d is denoted as ¢(9). Op-
tionally, ¢ could also depend upon the states o as
parameters, and in that case, it will be denoted
as o([ad; 8).

Then, the constitutive equations of the material are
given by

0 0
o= po(@ 0@, (=1 (%)
Ongoi(a)+§;(5)’ 2o<i<m  (9b)

This definition also extends to the case where the
dissipation potential ¢ is not differentiable: the
previous constitutive equations are simply adjusted
by replacing the equal "=" symbol by the belongs

to "€" one.

Theorem 4 (second principle, general case).
Assume that the dissipation potential ¢ is non-
negative (¢ = 0), is convex at § = 0 and vanish in
zero, i.e. (6 =0) = 0. Then the material described
by the two functions v and ¢ satisfies the second
principle of thermodynamics and the dissipation is
given by

-@:iéi:id)_>

=0

(10)

Proof: see [63, p. 96]. The proof bases on the clas-
sical Coleman and Noll [14] procedure while (10) is
a direct consequence of the assumptions upon ¢. H

Remark (Onsager symmetry and reciprocal)

Since the Hessian V2¢ is symmetric by construc-
tion, the previous model also satisfies a generalized
Omnsager symmetry (see e.g. [31, 20]). Indeed, this
is an extension of the usual Onsager symmetric ma-
trix M case, when ¢(8) = 67 M§/2, to the strongly



nonlinear case e.g. when ¢ could be non-smooth,
as for plasticity.

Then, the following reciprocal of the previous theo-
rem is also true: assume a free energy ¢ and a set of
constitutive equations satisfying the second princi-
ple and the generalized Onsager symmetry. Then,
there exists a dissipation potential ¢ such that con-
stitutive equations are expressed by (9) and ¢ sat-
isfies (10).

Finally, the generalized Onsager symmetry could
also be relaxed by introducing the Edelen [20] gy-
roscopic term. It extends to the nonlinear case the
situation when the Onsager matrix M is not neces-
sarily symmetric. This feature could be useful for
strongly nonlinear problems, e.g. non-associated
plasticity or granular matter. For that extension,
the reciprocal of the previous theorem is also true
in the general non-symmetric case [63, p. 102].

4.8. Examples

Figure 4: Rheological diagram in large-strains: (left) elastic
solid ; (right) Oldroyd-B viscoelastic fluid.

4.8.1. Neo-Hookean elastic solid

The neo-Hookean solid has been introduced in 1971
by Blatz [9, eqn (48)] as a compressible material.
Let m = 1 and a = h. The Eulerian description of
this material is given by

Y(h) = %tr (exp(2h) — 2h — I)

A
+ — (exp(trh) —trh — 1) (11a)
Po
6(D) =0 (11b)
and is represented on Fig. 4.left. Here, pg >0

denotes the mass density of the material when
in the rest state i.e. when h =0. Also, G >0
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and A > —G are the shear and bulk elastic moduli.
Note that Blatz [9, eqn (48)] used K = X\ + 2G/N
instead of A. Since £eR+—expl—€6—-120
then ¢ >0 is bounded from below. This ma-
terial satisfies the second principle of ther-

. o (109)
Since h =D,
we

conservation (2a),

o (log)
have p/p=—divv=—trD = —tr i “— _trh.

Next, by integration, we get log(p/pg) = —trh
ie. p=poexp(—trh). Then, from (9a), we ob-
tain the Eulerian description of the constitutive
equation for the neo-Hookean elastic solid:

modynamics with 2 = 0.
then, from the mass

0 0
o= pa—;/:(h)—i—a%

= Gexp(—trh)(exp(2h) — I)
+A(1 — exp(—trh))I

(D)

(12)

Note that functions with matrix valued arguments,
as 1 here, should be derived with care: for instance,
the derivative of the exponential of a matrix m is
not the matrix exponential i.e. exp’(m) # expm
while (trexp)’(m) = expm, see [63, p. 66], corol-
laries 3.13 and 3.15. Since h =&+ 0 ([ef?), we
obtain o = 2Ge + A(tre)I + O (|e|?) i.e. the neo-
Hookean model extends to large-strains the small-
strains Hookean model, as expected, where (G, \)
are the two Lamé coefficients. Finally, the system
of equations is closed by coupling the constitutive
equation (12) with the kinematic equation (8c) for
the evolution of the left Hencky tensor h together
with equations of conservation (2a)-(2b). To the
best knowledge of the author, this Eulerian formu-
lation of an hyperelastic material in terms of the
Hencky tensor is new.

From corollary 2, the zero dissipation case ¥ =0
leads to the global conservation of the sum of the
kinetic and free energies for an isolated isother-
mal neo-Hookean solid. The ball of Fig. 1 would
bounce indefinitely: this idealized situation will be
improved by the introduction of a dissipative mech-
anism.

4.8.2. Oldroyd-B viscoelastic fluid

Similarly to the small-strains case, Fig. 4.right rep-
resent the model. From (7a), the total strain splits
as h=he+h, Let m = 2 and a= (h,h.).
The Oldroyd-B viscoelastic fluid [49] is described in
terms of the two independent state variables (h, h.)



FENE-P ——
Oldroyd-B ——

h. = (1/2)log B,

=(1/2)log B,

Figure 5: Free energy v (left) and dissipation 2 (right)
for the FENE-P, FENE-CR, Giesekus and Oldroyd-B models

by
G
Y(h,h,) = 2—potr (exp(2h.)—2h.—1I) (13a)
¢([he]; D, De) = jkcr(tr) (D) + "70|D‘2
+nlexp(he)(D — D.)[*  (13b)

The free energy 1 is the compressible neo-Hookean
expression (1la) simplified with A =0, and ap-
plied to the reversible strain h., see Fig. 5.left.
Conversely, the dissipation potential ¢ is similar
to the small-strains case, except a weighted norm
with exp h, for the last term. While ¢ depends
upon the two rate variables D and D., the state
variable h. is here considered as a parameter for ¢
and its dependency is denoted by square brack-
ets. Since exp h, is positive definite, the dissipa-
tion potential ¢ satisfies the assumptions of theo-
rem 4 and then, the Oldroyd-B viscoelastic fluid
model satisfies the second principle of thermody-
namics. Note that, since the material is incom-
pressible, from (2a), we get p = 0 and then the den-
sity p = po is constant. Also tr b = 0 whereas tr h,
remains a priori nonzero. The two constitutive
equations are obtained from (5a)-(5b):

o= 2% 0 99
@h oD

o 00 09
ohe, 0D,

o =-—pl+2nyD

+n (exp(2he) (D-D.)
+ (D—De)exp(2he))

1o = G(exp(2he) )
n(exp(2h.)(D—-D.)
+ (D—D.)exp(2h.))
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after expanding v as in paragraph 4.3.1

o=—-pl+2npD+G(B.,—1)
0 =GB.—-1)—-nB.D,+ D,B,)

after using B, =exp(2h.) and D, =D-D,
from (7b)

o =—pl +2nD +G(B.—1I)
= n v B I
aBe"_ e —

after using the kinematic relation (8b). We imme-
diately recognize the Oldroyd-B model expressed
in terms of the conformation tensor, originally
introduced in 1966 by Giesekus [25, eqn (23)] for
the formulation of the Oldroyd-B model. Note
that Giesekus [25] introduced a dimensional con-
formation tensor denoted by (rr) and proportional
to B, with a 7“3 factor, where ry denotes a mi-
crostructure length in a reference configuration,
i.e. B, =7y %(rr). In consequence, the reversible
left Cauchy-Green tensor B, identifies as the di-
mensionless conformation tensor used in the con-
text of viscoelastic fluids. Note that, unlike the
small-strains case from paragraph 3.2.4, here we
directly obtain the upper-convected derivative of
the Oldroyd-B model: there is no more Lagrangian
derivative to replace "by hand". Also, the simple
convexity of ¢ is sufficient to conclude that this
model satisfies the second principle of thermody-
namics.

Few lines ahead, we obtained
B.D, + D,B. = (G/n)(B. —I) which means
that D, and B, share the same -eigenspace

(see [63, p. 60|, lemma 3.8) and then com-

mute. Then D, = (G/(2n))(I — B;') and

the kinematic relation (8d) applies: we
o (109)

get h, =D.=D-—D,. Combining these

two last relations and using B. ! = exp(—2h.),
we obtain the following equivalent formulation of
the Oldroyd-B model in terms of the reversible left
Hencky strain h.:

o =—pl + 209D + G(exp(2h.) —I) (14a)
o (log) G
. + 2—(1 —exp(—2h.)) =D (14b)
n
Recall that the reversible left  Hencky

strain h, = (1/2)log B, ie. it coincides with
the logarithm of the conformation tensor B,
up to a 1/2 factor. This formulation is thus of



major interest, not only from theoretical reason,
but also it is already widely used by most numerical
algorithms for solving the Oldroyd-B model.

At the limit G/n— 0, the constitutive equa-
tion (14b) reduces to the kinematic relation (8c),
i.e. he =h. When, moreover 79 =0, then the
Oldroyd-B viscoelastic fluid reduces to an incom-
pressible neo-Hookean elastic solid.

From (10), the dissipation writes (see
Fig. 5.right):
b b
@—a—D.DJr aDe.De

= 29| D|? + 2n|exp(h.)D,|*

after expansion of ¢
, G -1
=2’I]0|D‘ +2—tr(Be+Be —2[)
Ui

using the previous expression of D,

= 2| D|?
G2
+ 27}tr(exp(Qhe) + exp(—2h,) —2I) (15)

Observe that €% + e 2 —2 >0 for any £ € R and
then 2 >0. Then, in addition to theorem 4,
we obtain a second and direct proof that the
Oldroyd-B viscoelastic fluid model satisfies the
second principle of thermodynamics. This ex-
pression of Z is in agreement with those that
could be obtained from the Poisson bracket for-
malism by Beris and Edwards [5], see appendix Ap-
pendix B. Moreover, we directly conclude from (15)
that 2 > 0 for any vector field v and any ten-
sor h, while Beris and Edwards [5] used the expres-
sion of Z in terms of B, instead, and had in ad-
dition to prove that B, remains positive definite
during all its evolution, which is not obvious, see
Hulsen [35] and Beris and Edwards [6, p. 272-281].

Finally, the following entropy estimate for an iso-
lated isothermal Oldroyd-B fluid is obtained by ap-
plying corollary 2, replacing in (4) the symbols 9
and 2 by their expressions from (13a) and (15) re-
spectively:

d [ |vf

G
P 4 (B, —log B, — I
a ), 2 Tt °8 )

G2
+ J 2n0| D|? + %tr(Be +B;'-2I)=0 (16)
Q

Recall that this relation expresses that the sum
of the kinetic and free energies decreases and
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is bounded for an isolated system. It has
been established for the first time in 2007 by
Hu and Leliévre [34, eqn (3.13)]. Unlike these au-
thors, who had to develop a specific and technical
proof, this estimate here follows directly from corol-
lary 2, which has general applicability.

4.83.8. FENE-P wviscoelastic fluid

Introduced in 1980 by Bird et al. [8], this model ex-
tends the Oldroyd-B one by introducing a more re-
alistic non neo-Hookean energy, see Fig. 5.left. This
model is obtained with n = 2 and & = (h, h.) with

Y(h, he)

G| N

= | S5 s 5 1-5
po | 28 I—Ntrexp(Qhe)

_ trhe
1-8

+ Jo.nv/p1 (tr exp(2he)) (17a)

#([he]; D,De) = Fices(r) (D) + mo| DI

+1]exp(he)(D — De)|* (17b)

where 8 €]0, 1] is the new parameter of the model.
With the notations of Bird et al. [8], the dimension-
less measure of the extensibility of the dumbells ex-
presses L? = N/B. Note that ¢ > 0 is bounded
from below. Observe that, by a first order expan-
sion of the log for small 3, the free energy v could be
extended by continuity at the limit 8 = 0: in that
case, the FENE-P viscoelastic fluid model reduces
to the Oldroyd-B one. Since the dissipation po-
tential ¢ is unchanged from the Oldroyd-B model,
theorem 4 applies and then, the FENE-P viscoelastic
fluid model satisfies the second principle of thermo-
dynamics.

As in the previous example, the elastic
stress o, = pvY’'(h.) should be computed with
care. Assuming trexp(2h.) < N/B, let us com-
pute the Géateau derivative of ¥ at h. in an



arbitrarily direction d:

p'(he):d
oy Ul ed) = ()
e—0 £
. GN s
= g% Be (— log (1 - Ntrexp(?(he + Ed)))
+log|(1-— ﬁtr exp(2h.)
N
G
———I:d
1-p5
_G eﬁxp(2h6) - I d
1-— Ntrexp(Qhe) -5
by differentiation of log and
from (trexp) (m) =expm, for any matrix m.
Then
2h, I
o, — G| —PCh) (18)

s 1-3
1- Ntr exp(2h.)

Observe that when 8 = 0, the elastic stress reduces
to 0. = G(exp(2h.) — I) = G(B. — I) i.e. to the
case of the Oldroyd-B model, as expected. Observe
also from (18a) that o, and h. share the same
eigensystem and then commute. The two consti-
tutive equations are obtained from (5a)-(5b):

o= paw + a—qb

oh oD
0= p o 09

oh., 0D,
o =-—pl+2nD

+77(exp(2h )(D-D,)
— + (D—D.)exp( e))

0 =o. n(exp(2h )(D-D,)

+ (D-D.)exp(2h.))
after expanding, as in paragraph 4.3.2

o =—pl +2nD + o,
E ==
o. = n(exp(2h.)D, + D,exp(2h.))

after using D, = D—D, from (7b). Since o,
and h. share the same eigensystem, then, the
last relation expresses that both D,, o. and h.
share the same eigensystem and then com-
mute. Then, the last relation writes also
as o, = 2nexp(2h.)D,. Also, the kinematic re-

o (log)
lation (8d) applies: we get h, T D.=D-D,
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o (log)
iie. D, =D — h, . Replacing in the previous ex-

pression of o, we get

o (log)
o. = 2nexp(2h.) <D h. >

Then, the two constitutive equations become, after
rearrangements:

o= —pl+2nD + o, (18b)
o (109) 1
h, + 27}exp(—2he)0'6 =D (18¢)

Together with (18a), this system represents the for-
mulation of the FENE-P model in terms of the re-
versible left Hencky strain h., i.e. the logarithm
of the conformation tensor. It is widely used for
numerical simulations. Instead of (8d), we could
use the kinematic relation (8b) for replacing D,
and obtain the formulation of the FENE-P model in
terms of the reversible left Cauchy-Green tensor B,
i.e. the conformation tensor:

o=—-pl+2nD+G Be S (19a)
l—ﬁtrB8 1-p
N
v B. I
& Bet 3 - 1 (19b)
1_NtrBe

Observe that when 8 = 0, the FENE-P constitutive
equations nicely reduce to the Oldroyd-B model, as
expected. Formulation (19a)-(19b) is also widely
used when considering the FENE-P model for numer-
ical simulations, see e.g. Purnode and Legat [54],
eqn (10), where B, is denoted as A. Its original
formulation from Bird et al. [8], eqns (5) and (9),
is also based on a conformation tensor of the mi-
crostructure that is simply proportional to B..

At the limit G/n— 0, the constitutive equa-
tion (18c) reduces to the kinematic relation (8c),
i.e. he =h. When, moreover 79 =0, then the
FENE-P viscoelastic fluid reduces to an incompress-
ible Gent [22] elastic solid: its constitutive equa-
tions are given by (18a)-(18b) with h. = h.

Finally, from (10),
Fig. 5.right):

the dissipation writes (see

9 = 2no|D)? + %tr (B;laf)

= 29| D|?
2
2
+(2itr B! f‘i —1I (20)
n 1- 2B, —h

N



Thus 2 >0 since B! = exp(—2h.) > 0, which
furnishes another and direct proof that the FENE-P
viscoelastic fluid model satisfies the second princi-
ple of thermodynamics.

Finally, the following entropy estimate for an iso-
lated isothermal FENE-P fluid is directly obtained
by applying corollary 2, replacing in (4) the sym-
bols ¢ and & by their expressions from (17a)
and (20) respectively:

QJ vl
ar ), " 2
+% Elog lﬂ—ﬁ 7trllogBe
ﬂ 1—NtI'Be _/B
+J 20| D|?
Q
2
G? 1 B. I
Z | B - =0 (21
ot | Be 3 15 (21)

]._Ntr Be

Relation (21) has been established for the first time
in 2007 by Hu and Leliévre [34, p. 914]. Note that
these authors used the formulation of the FENE-P
model introduced by Housiadas and Beris [33]: up
to a scaling procedure of the conformation tensor
discussed in paragraph 4.3.5 below, their final esti-
mate [34, p. 914| coincides exactly with (21).

4.8.4. The Giesekus model

The Giesekus [26] model is obtained in the YATE en-
vironment by using the neo-Hookean free energy 1
from (13a) unchanged from the Oldroyd-B model
and replacing its potential ¢ as:

¢([he]; DaDe) = jker(tr)(D) + 770|D|2

+nlexp(he)A 2 (D —D,)? (22a)
where A is the fourth-order mobility tensor defined
for all second order tensors 7 by

A:T =asym(B.7) + (1 — a)T (22Db)
where a € [0,1] is a parameter of the Giesekus
model. When « =0, this model reduces
to the Oldroyd-B one. Note that, since
both B, = exp(2h.) and aB, + (1 — «)I are sym-
metric definite positive, then 7:(A:T) = co|7|* for
any 7, for some constant ¢y > 0 that depends only
upon « and B., and then A is symmetric definite
positive for all « € [0,1]. Then ¢ is convex and
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this model satisfies the second principle. The con-
cept of mobility was introduced by Giesekus [26] as
a second-order tensor. It is presented here for con-
venience as a fourth-order tensor, i.e. as a linear
application over second-order tensors. Since v is
unchanged from the Oldroyd-B model, the elastic
stress still writes o, = G(B, — I). The two consti-
tutive equations are obtained from (5a)-(5b) with ¢
and ¢ given by (13a) and (22a) respectively:

o = —pl +2n9D + o,
o. =2nexp(2h.)A"':D,

where we used the commutation between D,
and B,. Inverting the mobility tensor A, the second
constitutive equation (23b) writes equivalently as:
1
D, = > exp(—2h.)A: o, (24)
n
Using the kinematic relation (8d), we obtain

from (24) a differential constitutive equation in
terms of h,:

O(ZOQ) 1
h + o exp(—2h.)A:0. = D (25a)
o (log) G
< h + o {I +a(exp(2h.) —1I)}
x (I —exp(—2h.)) =D (25b)

Conversely, using the kinematic relation (8b), we
obtain from (24) a differential constitutive equation
in terms of B,:

v 1
B5+;AZO'€:0 (26a)

<:>E

G
which coincides with eqns (10) and (34)-(35) of
the Giesekus [26] model. Furthermore, the re-
versible left Cauchy-Green tensor B, coincides
with the conformation tensor discussed by
Giesekus [26, p. 70] as "characterizing the configu-
rational state of the different kinds of network struc-
tures present in the concentrated solution or melt".

From (10), the
Fig. 5.right):

B. + {I+a(B.~I)} (B.—I) =0 (26b)

dissipation writes (see

2 =2no|D|* + 2ntr (B. (A"':D,) D))
= 29| D|? + %tr (B.'o. (A:0.))
= 20| D[
2

G
+ —tr

o ({Q=a)BZ" +al} (B —I)%) (27)



where we used (24) and expanded the mobil-
ity A and the elastic stress o, = G(B.—I).
Thus, we directly check here that 2 >0
since B_! =exp(—2h.) is symmetric definite
positive.

Finally, the entropy estimate for the Giesekus
model follows from corollary 2 by using ¢ and &
from (13a) and (27), respectively:

p—— + —tr (B.—log B.—1I)

= (28)

A similar estimate was established in 2011 by

Masmoudi [46, eqn (55)]: adapting its notation in
terms of the elastic stress to B, yields:

d [ |vf

ar )7 2

+f 20| D|?
Q

2

+ %tr ({(1-a)B;' + aI}B.(B.—1I)) =0
Observe that the log B, term has disappeared in
the free energy term, so there is no more ener-
getic barrier for extreme strains when det B, — 0
i.e. when a least an eigenvalue of h, tends to —oo.
Moreover, the dissipation term is also different:
it could become negative for small enough B.,
e.g. when B, =1I/2. This estimate is clearly
suboptimal for establishing the existence of so-
lutions. It was only recently, in 2024, that
Buli¢ek et al. [10, eqn (1.9)] obtained, in the spe-
cific case a =1, an estimate which is consistent
with (28). Thus, the present entropy estimate (28)
for the Giesekus model, with its full range of pa-
rameter «, is new.

4.8.5. The FENE-CR model

Alves et al. [2, p. 153]  presented  in  their
equs (11)-(12) a formalism that contains sev-
eral possible variants of the original FENE-P model.
The constitutive equations for these variants could
be expressed as:

G
e (Bo—1I
+2,0 r( )

B. I
o=—pl+2nD+G (f(Be) — gl(Be)) (29a)
v B. I B
"B+ G (f(Be) B g2(Be>) =0 (29b)
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where the functions f and g are summarized
in Table 2. Let’s recap the situation, as it
could be confusing. The formulation proposed by
Sureshkumar et al. [69] coincides with the original
FENE-P model by Bird et al. [8] with a modified
elasticity parameter G = (1 = B)G. Conversely, the
formulation proposed by Housiadas and Beris [33]
also coincides with the original FENE-P model

with the scaling B, = (1 + 8)B. and the change
of parameters G = G/(1 + () and § = 8/(1 + ).
The formulation by Housiadas and Beris [33] of the
FENE-P model could be confusing here, since the
state for which o, = py’(h.) = 0 is no more h, = 0
i.e. B, = I. Indeed, in the YALE environment, the
tensor B, is not only a conformation tensor, that
could be scaled arbitrarily, but also the reversible
left Cauchy-Green tensor, and B, = I is expected
when o, = 0, assuming here that the reference con-
figuration is a rest state (also called natural state),
see e.g. Ciarlet [12, p. 90].

Finally, Chilcott and Rallison [11] proposed a dis-
tinct model, referred to as FENE-CR: this model is
not reducible to the original FENE-P model. The
FENE-CR model could be defined in the YATE envi-
ronment by choosing the free energy ¢ from (17a)
unchanged from the FENE-P model and adapting
the dissipation potential ¢ from (22a) by redefining
the fourth-order mobility tensor A as

tr)I
A;r:devr+(1—6)(r§) (30)
for all second order tensors T. Note

that 7:(A:7) > (1—)|7|* and then A is symmet-
ric definite positive since 8e€ [0,1[. Next, A~!
(resp. A*) is obtained by replacing 1—3 by (1—8)7
(resp. (1—/)*) in the expression of A, for all u € R.
Thus, ¢ is convex and the FENE-CR model
also satisfies the second principle. Note that
Chilcott and Rallison [11] did not use the concept
of mobility introduced by Giesekus: A is used here
as a convenience but its physical interpretation is
here an open question.

Since @ is unchanged from the FENE-P model,
the elastic stress o, is still given by (18a). Ob-
taining the two constitutive equations is then
similar to that of the Giesekus model: starting
from (5a)-(5b) and expanding v and ¢ from (17a)
and (22a), respectively, the differential constitutive



| fBo) | gui(Be) ] 92(Be) \ reference | name
1-2uB. | 1-5=f(I) 1-8=f) Bird et al. [§] FENE-P
1- 2B, [1-8=fI)][1-LtrB. = f(B.) # g1(B.) | Chilcott and Rallison [11] | FENE-CR
1-— %tr B,
15 1=f) 1=fI) Sureshkumar et al. [69] | FENE-P
1- %tr B, 1+ f(I) 1# f(I) Housiadas and Beris [33] | FENE-P
Table 2: Variants of the FENE-P model where f, g1 and g2 functions are involved in (29a)-(29b).

equation (25a) in terms of h, writes:

o (log) G I— h,
0 (8) L ot
- Ntrexp(Qhe)

=D

(31)

after expanding A: o, with (30) for the present mo-
bility tensor A and (18a) for the elastic stress oe.
Conversely, using the kinematic relation (8b), the
differential constitutive equation (26a) in terms
of B, writes:

v B, -1
T B o+ 9 (32)
G 1-— ﬁtr B
N e
This differential equation exactly coincides

with (29b) when selecting the FENE-CR model
in Table 2. Then, the reversible left Cauchy-
Green tensor B, also coincides here with the
conformation tensor.

Also similarly to the Giesekus model, from (10)
and expanding ¢, the dissipation writes (see
Fig. 5.right):

@=2%u12+%?r@@ﬂBgmyaJ)

= 21| D|?
e [ 1-B B, I
ST B 1.8
77 1—NtI'Be 1—NtrBe

after expanding o, from (18a) and (30) for the
mobility tensor A. Since B! = exp(—2h.) >0
then B_'A is also a symmetric definite positive
fourth-order tensor and thus 2 > 0.

The entropy estimate follows from corollary 2 by
using ¢ and Z from (17a) and the previous expres-
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sion, respectively:

d PP
at )’ 2
N 1— trlog B.
p 1—NU"B€ —h
+ | 2mlpP?
Q
G? I-B! B. I
+ —tr

2n 1—%&35 1—%&36 1-p

=0 (33)
This entropy estimates for the FENE-CR model is
new to the best knowledge of the author.

5. General discussion

The discussion begins with our relevance for repro-
ducing known results about existing models. Then,
we address the identification of the conformation
tensor and the interest of its logarithm. Next, we
discuss about entropy estimates in the context of
proving the existence of solutions for viscoelastic
fluid problems. We then turn to a preliminary ex-
ploration of the possibilities of the YATE environ-
ment for the design of new constitutive equations.
Finally, we discuss the potential of diagrams for the
representation of models.

5.1. Reproducing old results

Let us quote Beris and Edwards [5, p. 534], who
wrote in 1990: "In order to validate the procedures
of any new formalism, it is first necessary to repro-
duce a few old results with the new formalism. It is
quite possible that in so doing we can learn some-
thing about the character of the old results as well".



Indeed, the second principle of thermodynamics
was for the fist time successfully checked in 1990 by
Beris and Edwards [5] for most common viscoelas-
tic fluid models. With the YATE environment, we
are able to prove again, in a clear and concise way,
that both the Oldroyd-B, FENE-P, Giesekus and
FENE-CR fluids satisfy the second principle of ther-
modynamics (see paragraphs 4.3.2 to 4.3.5). In-
stead of lengthy and complex developments, this
verification bolls down here to assert the convexity
of the dissipation potential ¢: this check was trivial
for all the considered models here.

The satisfaction of the second principle for the
Oldroyd-B model was an open question while,
in 1984, Oldroyd wrote [50, p. 43-45]:

"But no general analysis of the full impli-
cations of thermodynamics for the formu-
lation of the equations of state of a flow-
ing continuum has yet been achieved. The
difficulty of gemeralizing thermodynamics
to include irreversible phenomena is well
known. The magnitude of the task of in-
cluding within the scope of a generalized
thermodynamics a fluid whose behavior at
any time may depend on previous rheolog-
ical history [...] may be appreciated when
one considers what will in general be re-
quired to define the thermodynamic state
of a material element. [...] The absence of
[a general discussion of rheological equa-
tions of state in relation to the laws of
thermodynamics] must be read as an ad-
mission of the existence of a very serious
gap in present understanding of the prin-
ciples governing the formulation of equa-
tions of state".

5.2. Conformation tensor

The conformation tensor is widely used in physics
as a conceptual tool for the development of new
constitutive equations, in mathematics for formu-
lating system of equations and also for numerical
computations. It might seems surprising to rein-
terpret this tensor here as a purely kinematic one,
the reversible left Cauchy-Green tensor B.. Let us
therefore return to the ideas underlying the {(rr)
conformation tensor.

1966,  Giesekus [25]  wrote, in  his
(12): (rr) = C{roroy where C denotes

In
eqn
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the dimensionless conformation tensor.  From
Fig. 3, the current configuration represents the
space for the dumbbell vectors r while the interme-
diate configuration is for ry. In this paper, he just
mentioned that the C tensor represents a "spatial
strain measure" ("rdamliche deformations-mafe")
and, in footnote 8 on the same page, he only
indicated that it was "occasionally referred to
as the Finger strain measure" ("gelegentlich als
Fingersches deformationsmaf$"). From the official
nomenclature [17, p. 10], the C Finger tensor
could either coincide with B, or with C_!, i.e. the
inverse of the reversible right Cauchy-Green ten-
sor. Unfortunately, there was no more kinematic
development in this paper and the " Finger tensor"
terminology remains too imprecise. However, the
details of the development of this tensor were
contained in an earlier article by Giesekus [24]
from 1962. In this earlier paper, he assumed
that the reference configuration is a "rest state"
("Ruhezustand") with an isotropic configuration
tensor i.e. {rorgy = r2I. In his eqn (20), he also
introduced the gradient of the transformation A
and its transpose A: with current notations, A
is denoted as F,. In (21), he explained that
a vector ry from the reference configuration is
transformed as r = Frg. So that his eqn (22)
writes with the present notations (rr) = r¢F,Fr
i.e. B, = F.F! represents the Giesekus dimen-
sionless conformation tensor.

Thus, Giesekus’s choice coincides with the present
result, obtained spontaneously with the YATE en-
vironment. After 1966, the concept of confor-
mation tensor was considerably developed in the
monograph by Bird et al. [7], in the context of ki-
netic theories, and eventually, its kinematic origins
were forgotten. Giesekus wrote these two articles
from 1962 and 1966 in German, so they were less
read than his famous paper [26] from 1982. The
paper from 1962 has been translated by the present
author [64] and is freely available while Germann
et al. [23] also have translated the 1966 one.

5.8. Logarithm of the conformation tensor

The concept of logarithm of
mation tensor was introduced in 2004 by
Fattal and Kupferman [21]: these authors were
motivated by the development of robust numerical
methods.  Since this, in the viscoelastic fluid
community, the change of variable from the con-
formation tensor to its logarithm is still considered
as a pure numerical trick, without any physical

the confor-



interpretation.

From the previous identification of the left Cauchy-
Green tensor B, as the conformation tensor, it fol-
lows that the left Hencky strain h. = (1/2) log B,
identifies, up to a half factor, to this logarithm of
the conformation tensor. All the nonlinear complex
and obscure terms appearing in the previous formu-
lation in terms of the logarithm of conformation for-
mulation are now reinterpreted as a clear and natu-
ral concept: the logarithmic corotational derivative
(definition 7). In consequence, observe the hight
readability and compactness of the formulation (14)
of the Oldroyd-B model in terms of the reversible
left Hencky strain h.. The same is true for the for-
mulation of the FENE-P (18¢), Giesekus (25b) and
FENE-CR (31) models. The advantage of the formu-
lation in h. is not limited to its high readability.

When proving the second principle and also estab-
lishing the entropy estimate, the tensor B, should
be symmetric definite positive. When using consti-
tutive equations formulated in terms of B, this is
not an obvious task: we must prove that it remains
definite positive during all its evolution, see e.g.
Hulsen [35] or Beris and Edwards [6, p. 272-281].
The situation is very different when using the
formulation with h.: the tensor B. = exp(2h.)
always remains definite positive while h. runs
through the entire range of symmetric tensors. For
instance, we directly conclude from (15) that the
dissipation of the Oldroyd-B model is always non-
negative for any tensor h. without any need of sup-
plementary proof. The tensor h. is therefore not
only useful for computing numerical solutions: it
offers a definite theoretical advantage over others
formulations.

In 2011, Balci et al. [3] proposed an alternative for
preserving the positivity of the conformation ten-
sor by using its square root instead of its loga-
rithm. The kinetic interpretation of the square root

is the left stretch tensor V, = Be‘% . Nevertheless,
while B, = V.2 remains positive for any V., the
left stretch tensor V4 itself also should remain def-
inite positive during its evolution for maintaining
the consistency of the mathematical formulation:
due to numerical approximations, this constraint
could be violated during computations and then,
the approximate solution would be likely to blow
up. Thus, the difficulty of maintaining the strict
positivity constraint on an approximate tensor re-
mains: it appears to be shifted from B, to V.. Fi-
nally, experiences show that numerical resolutions
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in terms of h. are significantly more robust than
others.

50 .

enthalpy Gibbs

H(s,0) -——— 4(0,0)

e(s,h) ~———= (6, h)
internal 1 free

50

Figure 6: Thermodynamic energies: commutation diagram
via the Legendre transformation.

The left Hencky strain h presents amazing proper-
ties. The strain h is the only strain measure such
that the strain rate D expresses as a corotational
derivative, see (8c). For an isotropic elastic ma-
terial, the Hencky strain h is also the only strain
measure such that his conjugacy stress via the free
energy 1 is the elastic stress o, i.e. o = pdpip(h),
see [63, p. 80]. The Legendre transform of the free
energy 1 (h) is the Gibbs energy ¢(o) and, simi-
larly to (2e), the optimality relations write:

pulh) = p4(0) + o :h

oY

with h = —p%(a) and o = pa—(h) (34)
h

Combining the two commutations (2e) and (34),
we obtain the commutation diagram from Fig.6,
where we also introduced the enthalpy. The two
conjugate pairs (s, ) and (h, o) represent the fun-
damental thermodynamic state variables for the de-
scription of thermal and dynamic aspects, respec-
tively. This extends to more complex materials in
terms of (he, oe): instead of using 1 or e, we could
also use the enthalpy 7 or the Gibbs energy ¢ for
specifying a material.

Finally, in the context of complex fluids, we have
found that the reversible left Hencky strain h, is the
most appropriate variable for both theoretical con-
siderations and practical numerical computations.
It represents the cornerstone of the YATE environ-
ment. It could become a new starting point for
establishing proofs of the existence of solutions. In



the next section, we review the available existence
results and study how the YALE environment could
contribute.

5.4. Entropy estimate and existence results

In the introduction, we reviewed how, in 2007,
Hu and Leliévre [34, p. 914] established an en-
tropy estimate for both the Oldroyd-B and the
FENE-P models. Soon, in 2011, based on this major
result, Masmoudi [46] showed for the first time a
global existence result for both the FENE-P and
Giesekus models.

The YATE environment furnishes a new method
to directly establish entropy estimates for a gen-
eral class of continuum models, thanks to corol-
lary 2. We re-obtain the two important entropy
estimates shown in 2011 by Hu and Leliévre [34] for
Oldroyd-B and FENE-P models: see (16) and (21).
Moreover, we also provide in this paper two new
entropy estimates for the Giesekus and FENE-CR
models: see (28) and (33).

For the FENE-P model, Masmoudi [46] used the en-
tropy estimate provided by Hu and Leliévre [34].
In the same paper, Masmoudi [46] addressed also
the Giesekus model and since no a priori bounds
was available for this model, he proposed his own.
From the discussion at the end of paragraph 4.3.4,
his proposition appears to be less efficient than the
present entropy estimate (28), based on thermody-
namics. Only recently, in 2024, Buli¢ek et al. [10]
established an entropy estimate for a special case
of the Giesekus model which is compatible with the
present one. They also proved a stronger global-
in-time existence result. Finally, these repeated ex-
periences show that thermodynamics provides en-
tropy estimates which lead to very efficient a priori
bounds for proving existence results.

Based on current knowledge, the FENE-P and
Giesekus models offers better guarantees of well-
posedness than the Oldroyd-B one. Therefore,
these two models are very attractive, both from a
physical and mathematical point of view.

In the next section, we turn to a preliminary ex-
ploration of the YATE environment for the design of
new models.

5.5. Exploration toward new models

Fig. 7 presents an overview of some possibilities pro-
vided by this new environment. Each table lists in
the left and right columns the most common free
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energies ¢ and dissipation potentials ¢. And, as
a lego game, we explore some possible combina-
tions. Fig. 7.top-left shows that, by combining a
zero free energy with a quadratic dissipation po-
tential, we obtain a Newtonian fluid. Replacing the
dissipation by a Bingham or an Herschel-Bulkley
one, we obtain the corresponding viscoplastic fluid.
Fig. 7.top-center turns to the neo-Hookean free en-
ergy ¢. Combining with a zero dissipation poten-
tial, we get the neo-Hookean elastic solid, as pro-
posed by Blatz [9]. Turning to a quadratic dissi-
pation potential, the Oldroyd-B viscoelastic fluid
is obtained. Changing to the dissipation potential
proposed by Giesekus [26] (see paragraph 4.3.4), we
obtain the corresponding model. Choosing a Bing-
ham or Herschel-Bulkley dissipation potential, the
corresponding elastoviscoplastic fluid [59, 60] is ob-
tained. Fig. 7.top-right explores some combinations
with the FENE-P free energy ¢. Combining with a
zero dissipation potential, we get a FENE-P elas-
tic solid, as proposed by Gent [22]. Choosing a
quadratic dissipation potential, the original FENE-P
viscoelastic fluid proposed by Bird et al. [8] is ob-
tained. Note that the elastic solid version was de-
veloped later by Gent [22], in 1996, independently
of its viscoelastic fluid version, proposed in 1980 by
Bird et al. [8]. Next, combining with the Giesekus
dissipation potential (see paragraph 4.3.4), we ob-
tain the hybrid FENE-P-Giesekus viscoelastic fluid
due to Stephanou et al. [68].  Finally, combin-
ing with a Bingham or Herschel-Bulkley dissi-
pation potential, we obtain an hybrid FENE-P-
elastoviscoplastic fluid, see Izbassarov et al. [39] for
a similar idea, without a thermodynamic setting,
however.

It is also possible to develop a new free energy 1,
or to reuse one of the many formulas that have
been developed for elastic solids in large-strains.
Fig. 7.center-right shows how to combine it with
all existing dissipation potentials.  Conversely,
Fig. 7.bottom proposes developing new dissipation
potential and combining it with old or new free en-
ergy.

Indeed, one of the strengths of the YATE environ-
ment is to offer a unified presentation of fluids and
solids, see also Snoeijer et al. [67] for a discussion
on this type of unification. Let us point out that, for
all the new models designed from this environment,
an entropy estimate will immediately be available
thanks to corollary 2. Thus, the proof of existence
of solutions could start now without any retard.
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Figure 7: Exploration of the thermodynamic environment: combining old and new free energy 1 and dissipation potential ¢.

Finally, let us quote Beris and Edwards [5, p. 534]
again, who wrote in 1990: "As a final comment,
let us state that the generalized bracket formula-
tion outlined above will not (and was not intended
to) supplant either traditional continuum mechan-
ical modeling procedures or kinetic theory develop-
ments. The idea was to show that an additional
method of formulation exists, which may become
useful when traditional techniques are inadequate
or too complicated to apply successfully". Indeed,
the development of a new model generally bases on
experimental observations, often supplemented by
microstructural hypotheses and optionally with the
help of kinetic theories. Although compliance with
the second principle is necessary to avoid any un-
physical predictions, it is not sufficient. Thanks to
the proposed methodology, the thermodynamic as-
pect could now be more easily integrated from the
earliest stages of continuous modeling.

5.6. Diagrams

The present extension to large-strain in an Eule-
rian frame of the standard generalized material con-
serves its original clear and easy-to-use interface.
Indeed, starting from a rheological diagram, as on
Fig. 4, we are able to specify both the free energy 1
and the dissipation potential ¢.
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We have just to collect in ¢ all the elements of the
diagram that are associated to reversible processes
(e.g. springs) while, all the others elements, which
are associated to irreversible processes (e.g. dash-
pots, breaks) go in ¢.

Then, constitutive equations are automatically ob-
tained from (9a)-(9b) by simple differentiations.
The second principle is easy to check: the convex-
ity of ¢ is sufficient. Also, the dissipation poten-
tial ¢ could be non-smooth, as for the Bingham
fluid model: so this environment supports applica-
tions in plasticity, damage and friction.

Let us mention that some models require to
split the strain in more than two parts. For
instance, the Isayev and Fan [37] elastoviscoplas-
tic model represented in Fig. 8 splits the strain
as h = he + hpe + hp,. This split could be obtain
by introducing two intermediate configurations,
the first one as x = x.oXxp and the second one
with Xp = Xpe© Xpp such that x = Xc© Xpe© Xpp-
This operation could be applied recursively, such
that the strain splits in an arbitrarily number of
parts h = . h;.

Non-trivial but isotropic tensor constitutive equa-
tions can always be decomposed into deviatoric
and trace parts, and the two corresponding dia-



hpp he

h = hye + hyy + he

Figure 8: Recursive split of the strain for the
Isayev and Fan [37] model.

grams can be represented. Nevertheless, both the
Oldroyd-B, FENE-P, Giesekus and FENE-CR models
share the same diagram, see Fig. 4. Indeed, the
nonlinear subtleties that differentiate these models
is not represented. Diagrams therefore provide a
visual guide to the main kinematic and thermody-
namic structure of the model, but the fine details
remain in the mathematical expressions of ¢ and ¢.

6. Conclusion

Until now, the development of a new fluid model
began in most cases with the direct writing of the
constitutive equations. Then, often long time later,
we moved on to verifying the second principle of
thermodynamics: the proof could take a long time.
Later still, we began working on entropy estimates
and existence results. For instance, the Oldroyd-B
model was developed in 1950, and it took about 50
years to prove that it satisfied the second princi-
ple and a further 21 years to obtain its entropy
estimate. Furthermore, the existence of solutions
for this model remains an open problem, although
work on this began more than 30 years ago.

The present paper provides a new method to
automatically obtain entropy estimates together
with an explicit expression for the dissipation. This
approach is demonstrated for both the Oldroyd-B,
FENE-P, Giesekus and FENE-CR models. And these
estimates was obtained after only few lines of com-
putation. While these estimated have already been
obtained with difficulties and backtracking for the
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Oldroyd-B and FENE-P models, these estimates are
here new for the Giesekus and FENE-CR models.

The conformation tensor has been identified in
terms of the reversible Cauchy-Green tensor B..
Consequently, the formulation in terms of the loga-
rithm of conformation tensor has been reinterpreted
in terms of the Hencky strain h. and its logarith-
mic corotational derivative: although useful
for numerical calculations, this also leads to much
more concise and understandable formulations, but
above all, it opens up new avenues for theoretical
developments.

Based on a unified presentation of fluids and
solids, we propose a new methodology for
macroscopic continuum modeling: we suggest that
the model designers specify the free energy 1 and
the dissipation potential ¢ from the earliest stages
of developing a new continuous model. It is then
easy to check whether the second principle of ther-
modynamics is satisfied: in most cases, the convex-
ity of ¢ is sufficient. Next, the constitutive equa-
tions are obtained automatically by a simple deriva-
tion of ¥ and ¢. In addition, an entropy estimate
(a priori bound) is also directly obtained without
effort. Using this methodology, we guarantee that
future mathematical models will not risk predicting
something like the ball of Fig. 1 bouncing higher
and higher.

Future work will, of course, focus first on studying
others existing models: we will examine their ther-
modynamic properties and provide their entropy es-
timate. In a preliminary exploration, we showed
how this clear and efficient environment could be
used to develop new models: this effort will be con-
tinued. Applications to granular materials, with
strongly nonlinear and non-smooth potentials will
be considered, e.g. extending to large-strains the
model presented in [62]. Also, the development of
models for active materials and biological tissues,
involving polarity and micro-rotations, is a chal-
lenging task for continuum modeling.

Appendix A. Proof of the global estimates

This appendix contains the proofs of theorem 1 and
corollary 2.



Let us multiply (2b) by v, add (2¢) and sum over :

2
Jp<v|+e)— diviev+q)+ fo+r
Q 2 Q

(A1)

Note that, for any function ¢, the Reynolds formula
leads to

d

il fﬁt(pdeiV(p@v)
Q

= Lpsb+ (p+pdivo)p

=Jp¢
Q

after using the mass conservation (2a). Apply-
ing (A.2) with ¢ = (1/2)|v|*> + e to (A.1) and us-
ing the divergence formula on the right-hand-side
yields

ijﬂp(h;Jre) va+r+f (on)v —qn

=0

(A.2)

since the system is isolated, see definition 1.

Then (3a) is established.

The growing global entropy formula (3b) is ob-
tain by a sum over Q of (2d) and applying (A.2)
with ¢ = s. Then, the proof theorem 1 is complete.
Let us turn now to the isothermal estimate of
corollary 2. From (3a) and expanding e = 1) + s6
from (2e), we get

d |v]? d
ale () -3
_gi

f 9

since 6 is constant and using (3b). Then (4) is es-
tablished and the proof corollary 2 is complete.

ps@
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Appendix B. Relation with the
bracket formalism

Poisson

This appendix provides the correspondence, for
viscoelastic fluid models, between the present
notations and the Poisson bracket formalism
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developed in 1990 by Beris and Edwards [5] (see
also [6, chap. 8]). The reversible left Cauchy-
Green tensor B, coincides with the dimensionless
conformation tensor while a dimensional con-
formation tensor ¢ = (kgT/K)B. is used in
the Poisson bracket formalism. Here K is the
elastic Hookean spring constant, T is the tem-
perature and kp is the Boltzmann constant.
The elastic modulus G = nkgT, where n is the
number density of elastic connectors. This for-
malism bases on the concept of Hamiltonian H.
For a viscoelastic fluid, the Hamiltonian splits
as H(v,c) = K(v) + A(e) where A is related to
the free energy ¢ as A(c) = §, pi. The elastic
stress writes o. = pt’'(h.) = 2¢ A’(¢). The dissipa-
tion potential ¢ was not introduced in the bracket
formalism: it uses the Onsager matrix concept in-
stead. Since variables are second-order tensors, this
matrix with non-constant coefficients is represented
by a fourth-order tensor function (¢). The second
principle is then classically checked via the non-
negativity of (c). Despite the dissipation 2 was
not provided explicitly in closed form in these pub-
lications, it could be computed from SQ 9 = [H,H]
where the notation [.,.] is referred to as the
square bracket.  For instance, for the incom-
pressible upper-convected Maxwell viscoelastic
fluid, i.e. the Oldroyd-B model from section 4.3.2
when the solvent viscosity 79 =0, the free en-
ergy is = §o,(n/2)(Ktrc — kpTlogdet c),
the dissipation tensor is (c) = (8/(nQ)) c
where ¢ =4nK/G is the drag coefficient, and,
expanding [H, H]| = A'(¢): (¢): A'(c), we fall back
o (15).

References

[1] A. Ait-Kadi, M. Grmela, and P. J. Carreau. A
rheological equation of state for dilute polymer
solutions with applications to polyelectrolytes.
Rheol. Acta, 27(3):241-254, 1988.

[2] M. A. Alves, P. J. Oliveira, and F. T. Pinho.

Numerical methods for viscoelastic fluid flows.

Ann. Rev. Fluid Mech., 53:509-541, 2021.

[3] N. Balci, B. Thomases, M. Renardy, and C. R.

Doering. Symmetric factorization of the con-

formation tensor in viscoelastic fluid models.

J. Non-Newt. Fluid Mech., 166(11):546-553,

2011.



4]

[5]

(6]

7]

8]

19]

[10]

[11]

[12]

[13]

[14]

[15]

A. N. Beris. Continuum mechanics modeling
of complex fluid systems following Oldroyd’s
seminal 1950 work. J. Non-Newt. Fluid Mech.,
298:104677, 2021.

A. N. Beris and B. J. Edwards. Poisson bracket
formulation of viscoelastic flow equations of
differential type: a unified approach. J. Rheol.,
34(4):503-538, 1990.

A. N. Beris and B. J. Edwards. Thermody-
namics of flowing systems with internal mi-
crostructure.  Oxford university press, UK,
1994.

R. Bird, C. F. Curtiss, R. C. Armstrong, and
O. Hassager. Dynamics of polymeric liquids.
Volume 2. Kinetic theory. Wiley, New-York,
1987.

R. B. Bird, P. J. Dotson, and N. L. Johnson.
Polymer solution rheology based on a finitely
extensible bead-spring chain model. J. Non-
Newt. Fluid Mech., 7(2-3):213-235, 1980.

P. J. Blatz. On the thermostatic behavior of
elastomers. In Polymer networks, pages 23-45.
Springer, 1971.

M. Bulicek, T. Los, and J. Malek. On
three-dimensional flows of viscoelastic fluids
of Giesekus type. Nonlinearity, 38(1):015004,
2024.

M. D. Chilcott and J. M. Rallison. Creeping
flow of dilute polymer solutions past cylinders
and spheres. J. Non-Newt. Fluid Mech., 29:
381-432, 1988.

P. Ciarlet. Mathematical elasticity. Volume 1.
Three-dimensional elasticity. Elsevier, 1988.

F. H. Clarke. Optimization and nonsmooth
analysis. STAM, Philadelphia, USA, 1990.

B. D. Coleman and W. Noll. The thermody-
namics of elastic materials with heat conduc-
tion and viscosity. In The foundations of me-
chanics and thermodynamics, pages 145-156.
Springer, 1963.

P. Constantin and M. Kliegl. Note on global
regularity for two-dimensional Oldroyd-B flu-
ids with diffusive stress. Arch. Rational Mech.
Anal., 3(206):725-740, 2012.

25

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

27]

28]

S. R. de Groot and P. Mazur. Non-equilibrium
thermodynamics. Dover, 2011.

J. M. Dealy and D. Vlassopoulos. Of-
ficial nomenclature of US and Euro-
pean societies of rheology, 2018. https:

//www.rheology.org/sorl/Publications/
SoR_Nomenclature_201810.pdf.

M. Dressler, B. J. Edwards, and H. C. Ot-
tinger. Macroscopic thermodynamics of flow-
ing polymeric liquids. Rheol. Acta, 38(2):117—
136, 1999.

C. Eckart. The thermodynamics of irreversible
processes. 1. The simple fluid. Phys. Rev., 58
(3):267, 1940.

D. G. B. Edelen. On the existence of symme-
try relations and dissipation potentials. Arch.
Rational Mech. Anal., 51(3):218-227, 1973.

R. Fattal and R. Kupferman. Constitutive laws
for the matrix-logarithm of the conformation
tensor. J. Non-Newt. Fluid Mech., 123(2):281—
285, 2004.

A. N. Gent. A new constitutive relation for
rubber. Rubber Chem. Technol., 69(1):59-61,
1996.

N. Germann, N. J. Wagner, and A. N. Beris.
English translation of Giesekus’s famous arti-
cle on the elasticity of liquids. Phys. Fluids, 34
(12), 2022.

H. Giesekus. Einige ergénzende Bemerkungen
zur Darstellung der rheologischen Zustandsgle-
ichung nach Weissenberg und Grossman. Z.
Angew. Math. Mech., 42(6):259-262, 1962.

H. Giesekus. Die Elastizitdt von Fliissigkeiten.
Rheol. Acta, 5(1):29-35, 1966.

H. Giesekus. A simple constitutive equation
for polymer fluids based on the concept of
deformation-dependent tensorial mobility. J.
Non-Newt. Fluid Mech., 11(1-2):69-109, 1982.

M. Grmela. Bracket formulation of dissipative
fluid mechanics equations. Phys. Lett. A, 102
(8):355-358, 1984.

M. Grmela. Hamiltonian dynamics of incom-
pressible elastic fluids. Phys. Lett. A, 130(2):
81-86, 1988.


https://www.rheology.org/sor1/Publications/SoR_Nomenclature_201810.pdf
https://www.rheology.org/sor1/Publications/SoR_Nomenclature_201810.pdf
https://www.rheology.org/sor1/Publications/SoR_Nomenclature_201810.pdf

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

M. Grmela and H. C. Ottinger. Dynamics and
thermodynamics of complex fluids. I. Develop-

ment of a general formalism. Phys. Rev. E, 56
(6):6620, 1997.

C. Guillopé and J. C. Saut. Global exis-
tence and one-dimensional nonlinear stability
of shearing motions of viscoelastic Oldroyd
type. M2AN, 24(3):369-401, 1990.

B. Halphen and Q. S. Nguyen. Sur les matéri-
aux standards généralisés. J. Méca., 14:39-63,
1975. https://hal.science/hal-03600755.

H. Hencky. Uber die Form des Elastiz-
itdtsgesetzes bei ideal elastischen Stoffen.
Zeit. Tech. Phys., 9:215-220, 1928. https:
//www.uni-due.de/imperia/md/content/
mathematik/ag_neff/hencky1928.pdf.

K. D. Housiadas and A. N. Beris. Polymer-
induced drag reduction: effects of the varia-
tions in elasticity and inertia in turbulent vis-
coelastic channel flow. Phys. Fluids, 15(8):
23692384, 2003.

D. Hu and T. Leliévre. New entropy estimates
for the Oldroyd-B model and related models.
Commaun. Math. Sci., 5(4):909-916, 2007.

M. A. Hulsen. A sufficient condition for a posi-
tive definite configuration tensor in differential
models. J. Non-Newt. Fluid Mech., 38(1):93—
100, 1990.

M. Hiitter and T. A. Tervoort. Thermo-
dynamic considerations on non-isothermal fi-

nite anisotropic elasto-viscoplasticity. J. Non-
Newt. Fluid Mech., 152(1-3):53-65, 2008.

A. 1. Isayev and X. Fan. Viscoelastic plastic
constitutive equation for flow of particle filled
polymers. J. Rheol., 34:35-54, 1990.

M. Itskov. Tensor algebra and tensor analysis
for engineers. Springer, fifth edition, 2019.

D. Izbassarov, M. E. Rosti, L. Brandt, and
O. Tammisola. Effect of finite Weissenberg
number on turbulent channel flows of an elas-
toviscoplastic fluid. J. Fluid Mech., 927, 2021.

G. A. Kluitenberg. A unified thermodynamic
theory for large deformations in elastic media
and in Kelvin (Voigt) media, and for viscous
fluid flow. Physica, 30(10):1945-1972, 1964.

26

[41]

[42]

[43]

[44]

[45]

[46]

147]

48]

[49]

[50]

[51]

[52]

[53]

T. Lehmann, Z.-H. Guo, and H. Liang. The
conjugacy between Cauchy stress and loga-
rithm of the left stretch tensor. Fur. J. Mech.
Solids, 10(4):395-404, 1991.

A. 1. Leonov. Nonequilibrium thermodynam-
ics and rheology of viscoelastic polymer media.
Rheol. Acta, 15(2):85-98, 1976.

A. I. Leonov. Analyses of simple constitutive
equations for viscoelastic liquids. J. Non-Newt.
Fluid Mech., 42:323-350, 1992.

J. Leray. Sur le mouvement dun liquide
visqueux emplissant ’espace. Acta Math., 63:
193-248, 1934.

P. L. Lions and N. Masmoudi. Global solutions
for some Oldroyd models of non-Newtonian

flows. Chinese Annals of Mathematics, Series
B, 21(2):131-146, 2000.

N. Masmoudi. Global existence of weak so-
lutions to macroscopic models of polymeric
flows. J. Math. Pures Appl., 96(5):502-520,
2011.

G. A. Maugin. The thermomechanics of plas-
ticity and fracture. ~ Cambridge University
Press, UK, 1992.

J. J. Moreau. On unilateral constraints, fric-
tion and plasticity. In New wvariational tech-
niques in mathematical physics, pages 171—
322, (Centro Internaz. Mat. Estivo (C.ILM.E.),
I Ciclo, Bressanone, 1973), 1974.

J. G. Oldroyd. On the formulation of rheologi-
cal equations of states. Proc. R. Soc. Lond. A,
200:523-541, 1950.

J. G. Oldroyd. An approach to non-Newtonian
fluid mechanics. J. Non-Newt. Fluid Mech., 14:
9-46, 1984.

L. Onsager. Reciprocal relations in irreversible
processes. II. Phys. Rev., 38(12):2265, 1931.

H. C. Ottinger. Beyond equilibrium thermody-
namics. Wiley, 2005.

M. Pasquali and L. E. Scriven. Theoretical
modeling of microstructured liquids: a simple
thermodynamic approach. J. Non-Newt. Fluid
Mech., 120:104-135, 2004.


https://hal.science/hal-03600755
https://www.uni-due.de/imperia/md/content/mathematik/ag_neff/hencky1928.pdf
https://www.uni-due.de/imperia/md/content/mathematik/ag_neff/hencky1928.pdf
https://www.uni-due.de/imperia/md/content/mathematik/ag_neff/hencky1928.pdf

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

|65]

[66]

B. Purnode and V. Legat. Hyperbolicity and
change of type in flows of FENE-P fluids. J.
Non-Newt. Fluid Mech., 65:111-129, 1996.

W. D. Reinhardt and R. N. Dubey. Eule-
rian strain-rate as a rate of logarithmic strain.

Mech. Res. Comm., 22(2):165-170, 1995.

W. D. Reinhardt
Coordinate-independent
spins in continuum mechanics.

(2):133-144, 1996.

and R. N. Dubey.
representation  of
J. FElast., 42

M. Renardy. Existence of slow steady flows of
viscoelastic fluids with differential constitutive
equations. J. Appl. Math. Mech. (ZAMM), 65
(9):449-451, 1985.

M. Renardy and B. Thomases. A mathemati-
cian’s perspective on the Oldroyd B model:

progress and future challenges. J. Non-Newt.
Fluid Mech., 293:104573, 2021.

P. Saramito. A new constitutive equation for
elastoviscoplastic fluid flows. J. Non-Newt.
Fluid Mech., 145(1):1-14, 2007.

P. Saramito. A new elastoviscoplastic model
based on the Herschel-Bulkley viscoplasticity.
J. Non-Newt. Fluid Mech., 158(1-3):154-161,
2009.

P. Saramito. Complex fluids: modelling and
algorithms. Springer, 2016.

P. Saramito. A new brittle-elastoviscoplastic
fluid based on the Drucker-Prager plasticity.
J. Non-Newt. Fluid Mech., 294:104584, 2021.

P. Saramito. Continuum modeling from ther-
modynamics. Springer, 2024.

P. Saramito. English translation of Giesekus’s
famous article on "Some additional comments
on the presentation of the rheological equation
of state according to Weissenberg and Gross-
mann". HAL translation, hal-05376919, 2025.
https://hal.science/hal-05376919.

F. Sidoroff and A. Dogui. Thermodynamics
and duality in finite elastoplasticity. In Con-
tinuum thermomechanics, pages 389-400, The
Netherands, 2002. Kluwer.

M. Silhavy. The mechanics and thermodynam-
ics of continuous media. Springer, 1997.

27

[67]

[68]

[69]

[70]

[71]

[72]

[73]

J. H. Snoeijer, A. Pandey, M. A. Herrada, and
J. Eggers. The relationship between viscoelas-
ticity and elasticity. Proc. Roy. Soc. A, 476
(2243):20200419, 2020.

P. S. Stephanou, C. Baig, and V. G.
Mavrantzas. A generalized differential con-
stitutive equation for polymer melts based on

principles of nonequilibrium thermodynamics.
J. Rheol., 53(2):309-337, 2009.

R. Sureshkumar, A. N. Beris, and R. A. Han-
dler. Direct numerical simulation of the turbu-
lent channel flow of a polymer solution. Phys.
Fluids, 9(3):743-755, 1997.

R. Temam. Navier-Stokes equations; theory
and numerical analysis. American Mathemat-
ical Society, Providence, USA, third edition,
1984.

J. Verhas. The construction of dissipation po-
tentials for non-linear problems and the appli-
cation of Gyarmati’s principle to plastic flow.
Zeit. Phys. Chem., 249(1):119-122, 1972.

H. Xiao, O. T. Bruhns, and A. Meyers. Log-
arithmic strain, logarithmic spin and logarith-
mic rate. Acta Mech., 124(1-4):89-105, 1997.

H. Ziegler. A possible generalization of On-
sager’s theory. In Irreversible aspects of contin-
uum mechanics and transfer of physical char-
acteristics in moving fluids, pages 411-424.
Springer, 1968.


https://hal.science/hal-05376919

